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Abstract

One of the most critical aspects of design for an analyst or designer is understanding the
service loads that a system or component will experience. In a standard finite element (FE)
analysis, the service load history is applied to the FE model to generate the corresponding
history of stresses and strains, which are necessary for further evaluations. However, for
components operating in complex environments, accurately measuring or predicting the
service load history can be particularly challenging. Instrumenting a prototype with load
transducers is often an expensive and time-consuming process and, most importantly,
may physically alter the component, changing its mass, stiffness, and load path, causing
discrepancies between the measured and actual loads. In this context, this paper presents
a load identification method, enhancing the methodology behind the load identification
theory and reducing the uncertainties inherent in the standard approach, primarily due to
the placement, number, and orientation of strain gauges.

Keywords: dynamics; structural dynamics; structural design

1. Introduction

Characterizing service loads is a critical aspect of engineering design, vibration control,
structural health monitoring and seismic design [1]. For analysts, accurately defining these
loads is fundamental to ensuring structural integrity and optimal performance from the
earliest design stages [2]. In standard finite element (FE) analysis, service load histories are
applied to FE models to compute stress and strain responses for subsequent evaluations [3].
Service load data can be obtained from three primary sources: established standards, which
provide reference load cases or spectra for design verification and compliance; multi-body
simulations, which predict dynamic loads by modeling component interactions under vari-
ous operating scenarios [4,5]; and direct experimental measurements, which offer the most
accurate representation of actual in-service conditions. When standards are inapplicable
and simulations are infeasible due to model complexity or computational constraints, direct
measurement remains the only viable option. However, directly measuring service loads on
components in complex environments is particularly challenging. Loading conditions are
often variable, multi-axial, and influenced by unpredictable operational and environmental
factors. Consequently, the fidelity of FE analysis and the resulting design reliability heavily
depend on the quality of the input load data. Direct measurement is often impractical due
to several limitations: limited physical accessibility to critical points, structural alterations
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caused by sensor installation, the high cost and complexity of instrumentation, sensor
durability issues in operational environments and difficulties with in situ calibration. These
challenges necessitate the use of indirect load estimation techniques. The inverse identi-
fication of dynamic loads is a common challenge in many engineering fields, including
engine-induced vibrations [6,7], moving loads on bridges [8-10], wind-induced vibra-
tions [11,12], and railroad applications. This is essentially an inverse problem in structural
dynamics [13]. In the indirect approach, easily measurable quantities like deformations
or displacements are recorded, and a linear relationship is established between these mea-
surements and the applied loads [14-16]. Strain gauges present a cost-effective solution for
this purpose. The technique of using strain measurements to reconstruct dynamic loads is
known as load identification or reconstruction. In-service loads are linearly correlated with
measured strains via a strain transfer matrix, derived numerically (e.g., through FE analy-
sis), experimentally, or analytically. However, applying this technique is non-trivial. While
optimal strain gauge number and placement are straightforward for simple structures, they
become critically complex for intricate designs, where poor selection can lead to significant
errors. This research aims to develop a methodology for automatically identifying the
optimal positions and orientations for a strain gauge array used in load reconstruction.
An overview of the load reconstruction method will be provided, followed by a detailed
explanation of the proposed methodology. A numerical validation will then demonstrate
the method’s effectiveness, highlighting its potential for industrial applications on physical
machines and structures.

2. Load Identification Methodology

The well-established methodology of load identification (or reconstruction) is applied
to static linear elastic problems and is extensively discussed in [14-16] and in [17-19]. The
term linear in this context implies that the strain response is proportional to the applied
loading, as illustrated in Figure 1, even though certain portions of the structure may
exhibit non-linear behavior, such as: local yielding near welds, bolted joints, or boundary
conditions undergoing a non-linear strain response.

Loads .,

MQ L—('V\ea r

Strains

» Displacements

are proportional to

Figure 1. Linear material behavior schematic [15].

Provided the stress does not exceed the material’s proportional limit and the structure
remains stable such that the principle of superposition holds, the strain at any location
on the structure can be expressed as a linear combination of the strains produced at that
location by each load applied individually. This leads to a system of linear equations, which
can be expressed in matrix form as follow:

{8} = [A{L} + {&} (1)

where {S} is an n x 1 vector of strains measured at n locations, representing the acquired
experimental data; [A] is an n X p matrix (denoted as the strain transfer matrix) of sensitivity
coefficients a;;, relating the strain at location i due to a unit load applied at j; and {L} is
a p x 1 vector of generalized loads (forces or moments) at p locations, representing the
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unknown quantities to be determined. Assuming {S} is measured and [A] is known,
the least squares estimate of the unknown load vector {L} is given by:

L= (ATA)'ATs 2)

provided that (ATA)~'AT, known as the Moore-Penrose pseudoinverse, exists. The hat
notation, L, denotes an estimate of the parameter vector L. Note that, in general, a number
of strain gauges greater than the number of loads to be identified is required. Consequently,
the resulting strain transfer matrix [A] is rectangular, and its inverse cannot be computed
directly but must be estimated via the Moore-Penrose pseudoinverse. Furthermore, let {&}
represent an n X 1 vector of measurement errors associated with each strain gauge. If the
strain measurement errors are independently and identically distributed with standard
deviation o, the variance-covariance matrix of the errors can be expressed as 21, where:

2 ne?

rC=—- 3)

(n—p)
with 7 being the number of strain gauges and p the number of loads to be identified. The
variance serves as a measure of the precision of the load estimates. The variance—covariance

matrix for the load estimates is given by:
var(L) = (ATA) 102 4)

The diagonal entries of this matrix represent the variances of the individual load esti-
mates, while the off-diagonal terms correspond to the covariances between them. Smaller
variances indicate higher precision in the load estimates. Thus, minimizing the uncertainty
in the load estimates requires ensuring that the matrix (ATA)~! is well-conditioned.

Practical Solution Procedure

The following outlines the procedure for reconstructing dynamic loads applied to a
structure using time-varying strain data acquired from an array of sensors mounted on it.

i.  Construct a finite element model of the component under investigation. Perform
a series of static analyses equal to the number of loads to be identified. Forces (or
moments) must be applied individually in the finite element model at the exact
locations where the generalized loads are to be reconstructed.

ii. For each load case, extract the corresponding strain map of the component.

iii. Utilize the strain field information to determine, first, the number of strain gauges
required (at minimum, equal to the number of loads to be identified) and, second,
the optimal locations and orientations for the strain gauges. It is critical that the
positions of the virtual gauges in the numerical model match those on the physical
component as closely as possible. Misalignment in gauge positioning will introduce
noise and errors into the load reconstruction process.

iv. Based on the number, location, and orientation of the gauges defined in the previous
step, extract, from the FE analyses, the strain transfer matrix [A] required for the method.

v. Conduct experimental tests on the instrumented component to acquire the time-
varying strain histories necessary for load identification. This provides the {S} vector
for each time step.

vi. Using the known strain transfer matrix [A] and the measured strain histories, estimate
the in-service loads acting on the component by applying Equation (2).

A complete flow chart of the approach is provided in Figure 2.
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Figure 2. Flowchart illustrating the overall solution methodology. Load reconstruction can be
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performed by executing steps 1 through 5, in sequence.

3. Gauge Placement Problem

Following the procedure summarized in Figure 2, it is relatively easy to reconstruct
the component in-service loads for further structural analysis. However, achieving an
accurate reconstruction requires ensuring that the strain transfer matrix is well-conditioned.
Theoretically, this matrix should be diagonal, a condition achieved when each strain gauge,
whether virtual (on the FEM model for matrix extraction) or physical (on the actual struc-
ture), is positioned to be sensitive primarily to a single load condition. This ensures that the
measurements are independent and non-redundant [20,21]. This independence is critical
to prevent noise amplification within the matrix, which would otherwise lead to significant
errors and invalid results. Furthermore, while it is often suggested in the literature to use a
larger number of gauges, with respect to the loads that must be identified, to enrich the
information within the strain transfer matrix, this approach can easily compromise the
independence of the measurements if not executed carefully. Therefore, the principle of
ensuring gauge independence is not merely a theoretical ideal but a fundamental practical
necessity to obtain correct and usable results. Generally, the positions and orientations
of strain gauges can be selected manually. For simple structures, such as the example
shown in Figure 3, and a limited set of loads to identify, this approach can yield optimal
results efficiently.

It is straightforward to observe that for a load applied along the Y-axis, gauge SG;
provides the strongest response, while SG, theoretically remains unstrained, and vice versa
for a load along the X-axis. However, for complex structures and a high number of loads to
reconstruct, the manual selection process becomes highly subjective, prone to human error,
and time consuming. Therefore, this work aims to develop an automated selection process
to determine the optimal positions and orientations for all strain gauges involved in the
analysis. The process, outlined below and highlighted in Figure 4, represents step n. 4 of
the flow shown in Figure 2.

i.  The application of the method requires the extraction of both the global strain maps
and the stress tensor for each element and for each analyzed loading condition.

ii. The resulting list of elements can be filtered to remove those located in areas where
physical strain gauge installation is impractical. Such areas include those affected
by boundary conditions, weldments, or bolted joints. (The engineers performing the
analysis must be aware of these constraints.)

https://doi.org/10.3390/engproc2026131003
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iii. For each element and load condition, the determinant of the stress tensor is calculated.
The resulting values are then sorted from highest to lowest, highlighting the structural
regions subjected to the greatest stresses. These areas are therefore the most suitable
candidates for strain gauge placement.

iv. The orientation is defined within the local element reference frame by selecting the
direction (0yyx or 0yy,) with the higher stress magnitude. This selection is limited to
these two components because surface-mounted strain gauges only capture a plane
stress state. This orientation can subsequently be redefined with respect to the global
reference frame.

v. A second filtering step is then applied to maximize the probability of measurement
independence across the set of strain gauges. If an element is identified as an optimal
candidate location for more than one load case, it is automatically removed from
the list.

vi. The final result provides the optimal locations and orientations for the entire set of
strain gauges that must apply on the surface structure and also the strain transfer
matrix that has to be used.

SG1

fixed

surface
first
load
step

— ... Strain/stress fields analysis ...

y second sSG
Z‘)\‘ load *
Fx X step ‘
Fy .. FE analysis ... +Fy

Figure 3. Manual strain gauge placement and orientation. The red arrows on the right side of
the figure indicate two strain gauges potential positions to reconstruct loads along the directions
corresponding to the two load steps.

... procedure ...
Removing all elements on which strain h First Ff{teﬂ'l/\g opemtfon

Finite element gauges cannot be physically installed
- Figure 2 excerpt ... modeling

_ Ore Tay o .
I max{det(c)} = max {det (Tyz Uyy) }m position definition

xifoy > o, (local element , , L
. orientation definition
y.ife,, > o, reference frame)

Stress tensor
l ectraction for

each element

oo (Hxx Txy)
T)’X Uyy LM S
tep | Elem ID o .
e s——— wsecomd filtering operation
2 15

-

Optimum gauge
positioning and ¢
STM extraction

Strain maps
Extraction

final selection

Figure 4. Automated selection method developed. Step 4 of Figure 2 is here expanded and the
procedure explained from steps 4.1 through 4.4.
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4. Validation

Due to the lack of experimental data for the specific structure under investigation,
the schematized process in Figure 4 was numerically validated using the test case presented
in Figure 5.

... mesh size comparable

to the strain

gauge dimensions - in the
image, 5 mm is adopted as
element size ...

Figure 5. Test case adopted for process validation. Each red arrow represents a load step in the finite
element analysis (FEA). The mesh element size is shown in the zoomed excerpt of the structure.

This structure represents the drive chassis of an aerial work platform, for which the
dynamic loads acting in the directions indicated by the red arrows must be identified. Each
arrow corresponds to a single load step in the Finite Element Analysis (FEA), conducted
using Ansys® Mechanical, Release 24.2. The entire model was meshed with shell elements,
with a maximum element size not exceeding the dimensions of the strain gauges that could
be installed on the component surface for experimental measurements (Figure 5). This
constraint was applied to avoid errors introduced by strain approximations. Following
the methodology: (i) all static structural analyses were first solved to obtain the strain and
stress fields for all the required loading conditions; (ii) the data were then extracted from the
FE software (Ansys® Mechanical, Release 24.2) and processed according to the schematic
in Figure 4, described in the previous section. This processing was accomplished using
a custom-developed Python package (v3.12.2), LoadGauge, which leverages standard
libraries (numpy [22], scipy [23], matplotlib [24]) alongside customized routines. This
analysis led to the identification of the optimal strain gauge positions, orientations and to
the definition of the strain transfer matrix, [A], shown in Table 1.

Table 1. Output strain transfer matrix generated by the automated method and used for the load
identification process.

=
o
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Rear Axle - X Component

In the absence of experimental data, a multibody machine model was developed and
its dynamic behavior was simulated using Adams®/View 2020. The drive chassis was
modeled as a flexible body to more accurately capture its structural dynamics, using the
same finite element model shown in Figure 5. This approach enabled the extraction of
strain time histories from the simulation at locations corresponding to a hypothetical array
of strain gauges on the physical structure. Furthermore, the software allows for the direct
retrieval of forces and moments at the joint locations, which are the target points for the
reconstruction of load time series (indicated by the red arrows in Figure 5).

Figure 6 illustrates the comparison between the reaction forces extracted from Adams
and those reconstructed using the proposed approach, demonstrating a strong match.
Similarly, Figure 7 shows the correlation between reconstructed and simulated forces,
which aligns closely with the ideal condition, further confirming the reliability of the
reconstruction method.

Rear Axle - Y Component Rear Axle - Z Component
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Figure 6. Comparison between reconstructed and simulated forces, showing strong agreement across
all loading conditions and confirming the robustness of the adopted load reconstruction methodology.
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Figure 7. Correlation between reconstructed and simulated forces. Most graphs closely match the
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ideal condition, thereby validating the reconstruction approach.

5. Conclusions

This study successfully demonstrates the efficacy of a load reconstruction technique
grounded in a well-posed, automated sensor placement strategy. The methodology proved
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highly effective, yielding excellent results characterized by high-fidelity reconstructed load
data. This output is sufficiently reliable to serve as input for advanced investigations, such
as fatigue life analysis, structural optimization, or the development of a digital twin. A key
advantage of the automated approach for strain gauge positioning and orientation is its
ability to provide robust, optimal configurations while drastically reducing the engineering
time typically required by traditional, iterative, and subjective manual selection processes.
Furthermore, the algorithm’s inherent structure is well-suited for parallel computing.
Leveraging parallelization offers a clear pathway to significantly reduce computational
timelines, thereby facilitating the application of this methodology to increasingly complex
and detailed Finite Element Models for even more accurate analyses.
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